Poliovirus-seeded tap water, conditioned with MgCl, and passed through virus-adsorbing filters, gave better poliovirus recovery than water identically treated but conditioned with AlCl3. Elution of several filter types with beef extract yielded higher recoveries than did elution with glycine. Seeded samples filtered through various filters and stored showed considerable virus loss in 2 days when stored at 4°C, whereas those stored at -70°C gave stable virus recovery up to 4 days. Additionally, the use of antifoam during the elution process reduced foaming and increased virus recovery by 28%.
used for all experimental work. Virus assays were performed in screw-capped bottles by the plaque technique. A 1.0-ml sample was inoculated onto BGM monolayers and overlaid as described elsewhere (5, 6) .
Filters tested. Filters used in this study included the Filterite DUO-FN 10-E-0.45A with 2879.9 cm2 of surface area (Filterite Inc., Timonium, Md.); Balston 200-35-C with surface area (AMF Corp. Cuno Division, Meriden, Conn.). All filters were 25.4 cm in length and were sterilized by autoclaving according to the manufacturer's instruction. It should be noted, however, that comparison of filters by surface area does not always reflect the true capability of a filter to retain viruses. The Filterite, for example, is basically a thin-surface, pleated filter, whereas the K-27 filter is considered a depth filter.
Sample preparation and test procedure. Cincinnati tap water was used throughout this study. Batch samples were prepared for each series of tests as follows. Sample water was placed into 20-liter Nalgene carboys with spigots. Either AICl3 or MgCl2 was added to a final concentration of 0.0005 or 0.05 M, respectively. Residual chlorine was neutralized by adding Na2S203 to a final concentration of 0.00003 M, and the pH of each sample was adjusted to 3.5 with 12 N HCl. With constant stirring of samples, virus was added and allowed to mix thoroughly. Four-liter aliquots were then withdrawn from the carboys and filtered under pressure through the test filters. Once samples were filtered, cartridges were either eluted immediately or stored for later elution. The latter cartridges were aseptically removed from filter holders, placed into sterile plastic bags, sealed, and stored at either 4 or -70°C.
Cartridge filters were eluted under positive pressure. Eluents consisted of 1,600 ml of either 0.05 M glycine or 3% beef extract. The resulting glycine eluate was reconcentrated as previously described (7, 15, 17) , and reconcentration of the beef extract was by organic flocculation (9) . Successive elutions were done by collecting the original 1,600-ml eluent and recycling it back through the cartridge two, three, four, or five times. Cartridges stored at 4°C were allowed to warm to room temperature and then were eluted in a similar manner. Those cartridges frozen at -70°C were first allowed to sit at room temperature for 30 min (to allow bags to warm to avoid cracking during subsequent steps), followed by 30 min in a 36°C water bath. Cartridges were then removed from the bag and placed into a cartridge housing, which was then filled with 3% beef extract. The housing was placed into a 36°C incubator for 60 min. After this treatment, filters were eluted as previously described with three successive elutions.
Reagents. Beef extract (lot 91190; GIBCO Diagnostics, Madison, Wis.) was prepared at 3% concentration, adjusted to pH 9.0, and autoclaved. Glycine (reagent grade lot 781300; Fisher Scientific Co., Pittsburgh, Pa.) was prepared at a concentration of 0.05 M, adjusted to pH 10.5, and autoclaved. To virus-seeded samples of 3% beef extract, increasing concentrations of antifoam (Dow Corning Medical Antifoam C, emulsion lot H118038) were added and allowed to mix at room temperature for a period of 1 h. This is approximately the time period involved in the total elution and reconcentration procedure with filter elution. 
RESULTS
To determine the best conditions for virus adsorption and, subsequently, the best eluent for recovery of the adsorbed viruses, comparisons were conducted with the Filterite filter, which was the preferred filter (4, 10, 12) , and the Balston and K-27 filters, which are less commonly used for virus concentration (Table 1) . Cartridge filters, challenged with Cincinnati tap water seeded with virus and conditioned with MgCl2, gave higher viral recoveries when eluted with beef extract than when eluted with glycine. Similar studies involving tap water conditioned with AICl3 generally gave the same results: higher virus recovery with beef extract elution than with glycine elution. The noticeable difference arose when glycine or beef extract elutions were compared between AICl3-and MgC92-conditioned waters. In almost all cases, glycine elution of filters challenged with virus-seeded AlCl3-conditioned water gave higher virus recoveries than comparable filters treated with MgCl2; conversely, almost all filters eluted with beef extract gave higher virus recoveries with MgCl2-conditioned virus water than with AlCl3 waters. However, overall comparison did show that Cincinnati tap water conditioned with MgCl2 combined with beef extract filter elution always gave the highest virus recovery. Conse- " Pressure applied to force the eluent directly through the filter.
bEluent placed in filter holder and held for 1 min in contact with the filter, and then pressure applied to force the eluent through the filter.
Initial elution same as in method two, followed by two, three, four, or five successive elutions with the same eluent.
quently, all remaining studies were done by using MgCl2-conditioned water and beef extract elutions.
In Table 2 , we compare elution of virus-laden filters at room temperature (23°C) and at 4°C before elution. Filters at 23°C gave an average of 22% better viral recovery than filters stored at 4°C. Thus, all frozen or cooled filters were processed at room temperature in this study.
The elution process is generally a single step in which the eluent is forced under pressure through the filter. We compared this procedure with a modified version in which the cartridge holder was filled with eluent and allowed to remain in contact with the filter surface for 1 min before the elution process was completed. Also studied were successive elutions in which the same eluent was collected and passed through the filter two, three, four, or five additional times. The best recoveries were obtained from 1 min of contact of the eluent with the filter, followed by three successive elutions (Table 3) . Therefore, all subsequent elutions were carried out by following this procedure.
The transport of virus-laden filters from the field to a laboratory would require that they be kept either at ca. 4°C by packing in ice or at ca. -70°C with dry ice. We examined a method for thawing filters transported at -70°C. Frozen filters were allowed to thaw at room temperature for 30 min and then were placed (while still in the plastic bag) into a 36°C water bath for the times indicated in Table 4 . Those In a separate series of tests, the survival of viruses was compared on Filterite cartridges and Zeta Plus 50SP cartridge filters (Table 7) . When tested with MgCl2-conditioned and unconditioned water, the survival rate on Filterite filters was far greater in MgCl2-conditioned water (3.5 times more at days 2 and 3) than in untreated water. Survival of viruses on the Zeta Plus 50SP filters, which were used in the pH range 7.0 to 7.5 with unconditioned water, was not only low in the stored samples but also low in the controls. Although recoveries were low, Zeta Plus filters did not show the extreme variation between filters stored at 4 and at -70°C that was seen with the other filters.
In addition to the storage studies, we tested the Filterite, K-27, and Balston filters (Table 8 ) in a replicate sampling series to determine the average virus recovery from these filters. Although Filterite is the filter recommended for this type of sampling, the K-27 gave comparable results; the Balston filters averaged 34% lower than the other two.
Elution of cartridge filters, especially successive elutions with 3% beef extract, generated considerable foam. As noted by other investigators (2, 11) , the formation of foam can serve to concentrate viruses. In our case, this foam formation would cause a loss of viruses as this portion of the eluent would not be processed upon reconcentration. In an effort to reduce or eliminate this problem, we tested various concentrations of antifoam (Tables 9 and 10 ) for their effect on virus survival and their ability to improve virus recovery during elution. Even at a concentration of 1.0 ml per 100 ml of eluent, there was no substantial virus loss (Table 9 ). Subsequent tests conducted with elution of Filterite filters showed that only 0.1 ml of antifoam per 100 ml of eluent was necessary to control foaming; therefore, this was the concentration used for all testing. The addition of antifoam at this concentration increased viral recovery by an average of 29% (Table 10) .
Physicochemical analyses were routinely performed on sample waters used for these tests (Table 11 ). Of 36 samples analyzed, none of the 22 test parameters cited could be correlated with any of the variations observed in virus DISCUSSION The ability to filter water samples in the field and subsequently transport the virus-laden filters to a laboratory for processing has several advantages. It reduces the equipment needed in the field, reduces the possibility of contamination, and permits greater sampling within a given time. During the course of this study, we encountered several problems that required some additional testing in conjunction with the transport part of the study. The preferred method for virus concentration required the addition of AlCl3 salt to waters, followed by pH adjustment to 3.5 (7, 17) . Using this procedure with Cincinnati tap water caused the water to become cloudy, but the addition of MgCl2 did not. Chemical analysis of the local water (Table 11) showed that there was a substantial amount of sulfate present in the water. As noted by Sawyer and McCarty (13) , its presence together with aluminum chloride under acid conditions will lead to formation of A12(SO4)3. Further chemical analysis verified that the precipitate was A12(SO4)3.
The formation of A12(SO4)3 may explain why lower virus recoveries were obtained with waters conditioned with AIC13 as opposed to MgCl2. A method developed for virus concentration, in which A12(SO4)3 floc was used, showed that to recover the virus, the floc had to be completely dissolved, a process that required from 1 to 2 h (18) . Therefore, virus was being trapped not only on the filters, but also in the A12(SO4)3 floc. Since the contact time for eluting virus from the filter is not sufficient to dissolve the A12(SO4)3 floc, sulfate-containing waters should be conditioned with MgCl2 to optimize recovery rates. MgCl2, although needed in larger b Expressed in parts per million, with the exception of pH, which is expressed as the negative logarithm of the concentration of the hydrogen ion in moles per liter, and turbidity, which is expressed in nephelometric turbidity units.
amounts, was also recommended by Sobsey et al. (14, 16) as the better salt for recovery of certain viruses.
The high-pH glycine elution that had been the recommended procedure for eluting virus-laden cartridge filters (7, 15, 17) is no longer the method of choice. We subsequently found, as have others (10, 14, 16) , that virus recovery was higher when beef extract was used as the eluent. Temperature was also a significant factor in virus recovery. Our studies with Filterite filters showed that viruses should be eluted at room temperature (23°C) as opposed to 4°C. On the other hand, there are only two viable options for shipping virus-laden filters from the field: pack in ice, in which case the temperature is ca. 4°C, or pack in dry ice at ca. -70°C. Joret and Block (8) 
